Summary. MAP2 is a major microtubule-associated brain protein, selectively localized in dendrites; growth-associated phosphoprotein GAP-43 is a neuronspecific protein associated with axonal outgrowth. In adult cerebellum, both of these proteins and their corresponding RNA transcripts are most strongly expressed by granule cells. Using immunocytochemistry with antibodies and in situ hybridization histochemistry with [32P] labeled oligonucleotide probes, we examined the cellular localization of MAP2, GAP-43 and their mRNAs in the cerebellum of control and weaver (wv/ wv) mutant mice, which exhibit massive granule cell death. In wild-type (+/+) mice, MAP2 immunoreactivity was seen in neuronal somata and dendrites of the granule cell layer; GAP-43 immunoreactivity was present in molecular layer, corresponding to the distribution of parallel fibres. Transcripts encoding MAP2 and GAP-43 were localized in the layer of the granule cell somata. In heterozygous weaver mice (wv/+), which feature an intermediate degree of granule cell loss, MAP2 immunoreactivity was localized in the granular layer, and the pattern of GAP-43 immunostaining was also similar to +/+, the only difference being a thinner molecular layer. Heterozygotes had an anatomical pattern of MAP2 and GAP-43 mRNA hybridization qualitatively similar to that of the wild-type with some deviations in signal intensity. In homozygous weaver mutants (wv/ wv), MAP2 immunoreactivity was extremely weak in the area beneath Purkinje cells and a certain GAP-43 immunoreactivity was seen in the upper part of cerebellar cortex. Hybridization signals for MAP2 and GAP-43 mRNAs were minimal. The reported alterations in regional pattern of MAP2 and GAP-43 expression in mutant mice offer a molecular correlate of dendritic and axonal protein gene transcription pertinent to the neuropathological manifestations of certain forms of heredodegenerative ataxia.
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The cerebellum of the weaver mouse (wv/wv) is characterized by a failure of the majority of postmitotic granule cell precursors in the external germinal layer to emit axons and to migrate inbound to the internal granular layer, and by their massive cellular death at the interface of the granule cell layer and the molecular layer during the first two weeks of postnatal life, such that the cerebellum of adult weaver mutants is largely agranular (SIDMAN et al., 1965; RAKIC and SIDMAN, 1973; TRIARHOU, 1992) . Weaver heterozygotes (wv/+) have a reduced rate of granule cell migration and an intermediate degree of granule cell loss; in adult heterozygous animals, arrested granule cells can be seen at the interface of the molecular and Purkinje cell layers (REZAI and YooN, 1972; RAKIC and SIDMAN, 1973) .
The wv allele has been mapped to the distal end of mouse chromosome 16 (MJAATVEDT et al., 1993) , within a phylogenetically conserved region highly homologous to telomeric human chromosome 21 (REEVES et al., 1989) . The wv mutation has been identified as a missense mutation with a G to A substitution in nucleotide 953 of the inward-rectifier K+ channel gene Girk2 and an ensuing Gly to Ser replacement at residue 156 of the GIRK2 protein (PATIL et al., 1995 Microtubule-associated protein 2 (MAP2), a major MAP in brain tissue, is selectively localized in dendritic trees (MATUS, 1988; TUCKER et al., 1989) . MAP2 is known to promote microtubule assembly, and MAP2 molecules form side-arms in microtubules. MAP2 also interacts with neurofilaments, actin, and other cytoskeletal elements. MAP2 is expressed at higher levels in some types of neurons than others.
Growth-associated phosphoprotein-43 (GAP-43) is neuron-specific, has been associated with growth cones, and has been implicated in process outgrowth during neural ontogeny, regeneration, and synaptic plasticity (MEIRI et al., 1986; GOBLIN et al., 1988) . The GAP-43 gene has been localized to mouse chromosome 16 as well (KosIK et al., 1988) . GAP-43 expression is high during developmental stages, and remains relatively abundant in many adult brain structures.
In the present study we analysed the distribution of MAP2 and GAP-43 and their respective RNA transcripts in the cerebellum of normal, heterozygous and homozygous weaver mutant mice by means of immunocytochemistry and in situ hybridization histochemistry.
MATERIALS AND METHODS

Animals
Animals were obtained from a colony (maintained at Indiana University Medical Center by Dr. B. GHETTI), established from heterozygotes originally purchased from Jackson Laboratory (Bar Harbor, Maine). Mutant and wild-type mice were maintained on a B6CBA-AW-J/A hybrid stock. Homozygous mutants were obtained by crossing pairs of heterozygotes or homozygous females with heterozygous males. Animals were kept on a 12 h dark-12 h light cycle and provided with food and water ad libitum. Five mice of each of the three genotypes (+/+, wv/+ and wv/ wv) were used in total: two for immunocytochemistry and three for in situ hybridization.
The animals were three months old. All experimentation reported in this article was conducted in compliance with the guidelines of the National Institutes of Health for the care and use of laboratory animals for experimental procedures.
Immunocytochemistry
Animals were heparinized (500 USP units i. p.), anaesthetized with pentobarbital sodium (50 mg/kg i. p.) and perfused transcardially with 10 ml of ice-cold normal saline, followed by 100 ml of a mixture containing ice-cold 4% (w/v) formaldehyde in 0.1 M sodium phosphate buffer (pH 7.4). Brains were removed and immersion-fixed in the same fixative for 2h at 4C. They were subsequently rinsed in 0.1 M phosphate buffer (pH 7.4), dehydrated and embedded in paraffin. Sections 10um in thickness were obtained and mounted on acid-cleaned, gelatin-coated glass slides.
Immunolabeling of sections was carried out using the peroxidase anti-peroxidase (PAP) unlabeled antibody method (STERNBERGER et al., 1970) . The primary antibodies, origin, dilution and sources were: MAP2, mouse monoclonal (clone HM-2), 1:2000, Sigma (HUBER and MATUS, 1984) ; GAP-43, mouse monoclonal (clone 91E12), 1:5000, BoehringerMannheim (GOBLIN et al., 1988) . Chain typing has shown both of these antibodies to be of the IgGI subclass. Three 10 min rinses with Tris-buffered saline were carried out between the various incubations. The primary antibody was applied at room temperature for 16 h. Following rinses, the secondary antibody (rabbit anti-mouse IgG) was applied at a 1: 40 dilution at room temperature for 1 h. Mouse monoclonal PAP complex (clono-PAP, SternbergerMeyer Immunocytochemicals) was used at a 1: 200 dilution at room temperature for 1 h. After that step, sections were rinsed and reacted with 0.05% (w/v) 3, 3'-diaminobenzidine HCl (DAB) with 0.01% H202 for 10 min. For MAP2 immunostaining, the DAB was enhanced with nickel ammonium sulfate. Finally, sections were rinsed and coverslipped. Routine immunocytochemical controls included substitution of the primary antibody by Tris-buffered saline, which abolished immunostaining in the specimens. Furthermore, preabsorption with the primary antibody with excess of the specific antigen leads to negative immunolabeling of mouse brain sections (ESCOBAR et al., 1986) .
In situ hybridization histochemistry
Mice were decapitated and their brains rapidly removed from the skull and frozen on dry ice. Parasagittal sections of the cerebellum (20um thick) were obtained in a cryostat (Leitz 1720), thaw-mounted on acid-cleaned, gelatin-coated slides, and kept at -20t until used.
To specifically detect the two mRNAs, we synthesized 48mer oligonucleotides complementary to sequences arising from exons corresponding to bases 1851-1900 of mouse MAP2 cDNA (LEWIS et al., 1988) and bases 550-599 of rat GAP-43 cDNA (KARNS et al., 1987) . The probes were made in a 380B Applied Biosystems DNA synthesizer and purified on an 8% acrylamide/8 M urea preparative sequencing gel. Oligomers (2 pmol) were labeled at their 3' end with 25 units of terminal deoxynucleotidyltransferase (Boehringer-Mannheim) and 16 pmol [32P]ATP (3000 Ci/mmol; Amersham) in 100 mM sodium cacodylate (pH 7.2)/2 mM CoC12/0.2 mM dithiothreitol to specific activities of 1-4 x 104 Ci/mmol. Reactions were carried out at 37C for 2 h and stopped by heating for 5 min at 65C. Labeled probes were purified by chromatography through NAC PREPAC columns (BRL) according to the instructions provided by the manufacturer.
Frozen tissue sections were thawed to room temperature, air-dried, and fixed by immersion for 20 min in 4% formaldehyde in phosphate-buffered saline (PBS: 2.7 mM KC1/1.5 mM KH2PO4/136 mM NaCl/ 8 mM Na2HPO4), washed once in 3 x PBS and twice in PBS, 5 min each. Then, sections were incubated in predigested pronase (24 U/ml) in 10 mM Tris-HCI (pH 7.5)/5 mM EDTA for 10 min, and proteolytic activity was quenched by immersion in 2 mg/ml glycine in PBS for 30 sec. Finally, sections were washed 2 x 30 sec in PBS and dehydrated in graded ethanols (60, 80, 95 and 100%) . They were hybridized with the corresponding labeled oligonucleotide probe weaver (wv/+, middle row, frames C and D) and homozygous weaver mutant mice (wv/wv, lower row, frames E and F) at three months of age. In normal and heterozygous weaver mutant mice, MAP2 is largely confined to the neuropil of the granule cell layer (gcl), corresponding most likely to the distribution of granule cell dendrites and some somata. There is a sharp demarcation at the interface with the Purkinje cell layer. Some scattered dendrites in the basal part of the molecular layer ()nl) also show at final concentrations of 0.8-1.0 pmol/ml in 50% formamide/600 mM NaCI/10 mM Tris-HCl (pH 7.5)/ 1 mM EDTA/1 x Denhardt's solution/500,ug tRNA per ml/10% dextran sulfate. Hybridizations were carried out overnight under Nescofilm in humid chambers at 42C. Sections were then washed 4 x 45 min in 600 mM NaCI/10 mM Tris HCl (pH 7.5)/1 mM EDTA at 60C and dehydrated with ethanol containing 0.3 M ammonium acetate (pH 7.0). Hybridized slides were apposed to lmax film (Amersham) for six days at -80'C. Duplicates of the hybridized sections were dipped into Kodak NTB-3 nuclear track emulsion diluted 1:1 with 0.6 M ammonium acetate and exposed for 1-6 weeks at 4C. The emulsions were developed in Kodak D-19 and tissue sections were then stained with toluidine blue or Giemsa.
The optical density of autoradiograms was quantified using an image analyzer (Sistema Microm IP, Software
Interdens, Microm, Spain). Radioactive standards were made from serial dilutions of a labelled oligonucleotide onto filter paper. Results from film quantification were expressed as c. p. m./,u l referring to the radioactive standards (Table 1) . To determine regional differences between the hybridization signals for the mRNAs studied in normal and mutant cerebella, statistical analyses were conducted by means of one-way analysis of variance-Duncan's test. Fig. 3 . Detection of MAP2 mRNA in the cerebellum of normal (+/+, top row, frames A-C), heterozygous weaver (wv/+, middle row, frames D-F) and homozygous weaver mutant mice (wv/wv, lower row, frames G-I). Left column (frames A, D, G) shows the autoradiographic films, center column (frames B, E, H) shows the emulsion-dipped slides and right column (frames C, F, 1) shows a conventional histological stain. The strongest signal is observed in the granule cell layer. In weaver heterozygotes the granule cell layer is thinner; however, surviving cells express somewhat higher levels of MAP2 mRNA. In weaver homozygotes, signal is lost concomitantly with the degeneration of granule cells. A-I: x 10
RESULTS
In wild-type (++) mice, MAP2 immunoreactivity was seen in clusters of neuronal somata and dendrites of the granule cell layer and of the deep cerebellar nuclei and in isolated dendritec processes of the molecular layer (Figs. 1A, 2A, B) . In heterozygous weaver mice (wv/+), which feature an intermediate degree of granule cell loss in their anatomical phenotype, MAP2 immunoreactivity was localized in the granular layer (Fig. 2C, D) . In homozygous weaver mutants (wv/wv), the cerebellum was grossly atrophic and granuloprival. MAP2 immunoreactivity was virtually nonexistent in the area beneath Purkinje cells (Fig. 2E, F) , despite the presence of a very small number of surviving granule cells (Fig. 3I ). MAP2 immunoreactivity remained in the deep cerebellar nuclei of both heterozygous and homozygous weaver mutants (Fig. 2C, E) . Control mice presented a high level of hybridization signal for MAP2 mRNA in the granule cell layer of the cerebellum and in the deep cerebellar nuclei (Fig. 3A-C) . Background-level signal was detected in Purkinje cells and in the molecular layer. A similar pattern of MAP2 mRNA hybridization signal was observed in heterozygous weaver mice; the signal in the granule cell layer corresponded to a thinner layer of cells (Fig. 3D-F) . Background-level signal for MAP2 mRNA was observed in the cerebellar granular layer of homozygous weaver mice (Fig. 3G-I) ; the reduction in hybridization signal intensity was 41 compared to the wild-type (P < 0.01) ( Table 1 ). In the molecular layer, no substantial differences were seen among genotypes with regards to the level of hybridization signal.
In wild-type (+/+) mice, GAP-43 immunoreactivity was strong in the molecular layer and corresponded to the distribution of parallel fibres (Figs. 1B,  4A, B) ; some scattered immunoreactive axons were also seen traversing the granule cell layer and the subcortical white matter. The pattern of GAP-43 immunostaining in heterozygous weaver cerebellum was similar to + / +, the only difference being in molecular layer thickness (Fig. 4C, D) . In weaver homozygotes, a relatively low level of GAP-43 immunoreactivity was seen in the most superficial aspects of the cerebellar cortex, where no clear-cut demarcation could be made between molecular and Purkinje cell layers; some immunoreactive fibres could be seen in the subcortical white matter (Fig. 4E,  F) .
In the cerebellum of control mice, a high level of GAP-43 mRNA hybridization signal was observed in the granule cell layer of all cerebellar lobules (Fig.  5A-C) . Background-level signal was detected in Purkinje cells, the molecular layer, and the deep cerebellar nuclei. The anatomical pattern of GAP-43 mRNA expression in the cerebellum of weaver heterozygous mice was equivalent to that observed in normal mice, although in the case of heterozygotes, hybridization signal in the granule cell layer was localized into a thinner layer of cells (Fig. 5D-F) . Extremely low hybridization signal was seen for GAP-43 mRNA in the granular layer of the cerebellum of homozygous weaver mutants (Fig. 5G-I) ; the reduction in hybridization signal intensity was 77% compared to the wild-type (P < 0.01)( Table 1) .
DISCUSSION
In the cerebellar cortex of adult wild-type mice, both MAP2 and GAP-43 mPNAs are expressed mainly by granule cells. The combination of immunocytochemical and in situ hybridization approaches to detect dendrite and axon-related molecules in the precisely layered cerebellum offers a particularly interesting compartmental distribution of the various signals. With immunocytochemistry, MAP2 anti- Table 1 . MAP2 and GAP-43 mRNA hybridization signal in cerebellar cortex of wild-type (+/+), heterozygous (wv/+) and homozygous (wv/wv) weaver mice. Data are c. p. m. /j1 versus standards (meanS. E. M.). Numbers in parentheses represent the number of mice used in each group. For each mouse, nine measurements were obtained in the granule cell layer (three representative fields from vermis, three from left cerebellar hemisphere and three from right cerebellar hemisphere) and three measurements in molecular layer (vermis). weaver (wv/+, middle row, frames C and D) and homozygous weaver mutant mice (wv/wv, lower row, frames E and F) at three months of age. In normal and heterozygous weaver mutant mice, GAP-43 is largely confined to the molecular layer (ml), corresponding to the distribution of parallel fibres (i. e. the granule cell axons). There is a sharp demarcation at the interface with the Purkinje cell layer (arrowheads). GAP-43 immunoreactivity is greatly diminished in the weaver cerebellum, concomitantly with the loss of granule cells. There is not much immunopositive product in granule cell layer (gcl). A, C, E: x 16; B, D, F: x 200 genicity is found in the granule cell layer, where most of the dendrites of granule cells are located; GAP-43 antigenicity is found in the molecular layer, where the axons of granule cells travel in the form of the parallel fibres. With in situ hybridization histochemistry, which by definition reveals only the perikarya of neurons, where mRNA is confined, positive signal is detected in the granule cell layer for both molecules.
The cytoskeletal protein MAP2, a high molecular weight microtubule-associated protein in the central nervous system, is selectively found in dendrites of developing neurons, especially during development, suggesting a role in dendrite morphogenesis (MATUS, 1988) . MAP2 can also be found in the dendrites of mature neurons. Dephosphorylation of MAP2 by a phosphatase, possibly the Ca 2+/calmodulin-dependent protein phosphatase calcineurin, may account for some of the effects of specific neurotransmitters on postsynaptic neurons (HALPAIN and GREENGARD, 1990) .
The weaver cerebellum is characterised by a massive loss of granule cells, which could explain the lack of hybridization signal for both RNA transcripts reported here. It is of interest that MAP2 immunoreactivity is absent from the weaver cerebellar cortex even when a small contingent of granule cells has not yet completely degenerated. Such a finding lends Fig. 5 . Detection of GAP-43 mRNA in the cerebellum of normal (+/+, top row, frames A-C), heterozygous weaver (wv/+, middle row, frames D-F) and homozygous weaver mutant mice (wv/wv, lower row, frames G-I). Left column (frames A, D, G) shows the autoradiographic films, center column (frames B, E, H) shows the emulsion-dipped slides and right column (frames C, F, I) shows a conventional histological stain. The strongest signal is observed in the granule cell layer. In weaver heterozygotes the granule cell layer is thinner, nonetheless, surviving granule cells express GAP-43 mRNA. In weaver homozygotes, the signal is extremely low, in association with the extensive granule cell loss. A-I: x 10 credence to the notion that one aspect of cellular biology that may be compromised by the weaver mutation is the maintenance of dendritic processes. In that context, one may also mention that dopaminergic neurons of the substantia nigra, which represent another target of the weaver gene, have a structural dendritic deficit as well (TRIARHOU, 1992) .
GAP-43, a protein kinase C substrate, is a rapidly transported axonal protein most prominently expressed in regenerating and developing nerves. GAP-43 mRNA is seen in many regions of the adult central nervous system, including cerebellar granule cells, entorhinal cortex, hippocampal pyramidal cells, olfactory bulb mitral cells, lateral habenula, substantia nigra pars compacta, ventral tegmental area, nucleus raphe dorsalis, nucleus centralis superior and locus coeruleus (DE LA MONTE et al., 1989; BENDOTTI et al., 1991; MEBERG and ROUTTENBERG, 1991) . Considering that detectable levels persist in several adult neuronal groups, it has been suggested that GAP-43 may be engaged in accelerating process outgrowth and in structural remodeling (DE LA MONTE et al., 1989; MEBERG and ROUTTENBERG, 1991) . Levels of GAP-43 are increased substantially in adult neuronal pathways undergoing axonal regeneration or collateral sprouting, and evidence supporting the involvement of GAP-43 in functional plasticity comes from the finding that mature mammalian central nervous system neurons regenerating into a peripheral nervous system graft display a marked increase in their GAP-43 content (CAMPBELL et al., 1991) .
The finding that GAP-43 and its mRNA are greatly reduced in the homozygous weaver cerebellum, from which granule cells are known to undergo degeneration and disappear, could be explained as a concordance between the pattern of cellular localization of GAP-43 and the known anatomical deficit of this particular mutant. On the other hand, the GAP-43 gene is still expressed by surviving granule cell subsets in weaver heterozygotes.
In conclusion, the data of the present study suggest that the decreased MAP2 and GAP-43 gene expression seen in the cerebellum of homozygous weaver mutants are associated with local nerve cell loss. Furthermore, based on the complete absence of MAP2 immunoreactivity from the weaver cerebellar cortex, it is plausible to consider that some biochemical dendritic abnormality might precede granular neuron death. The alterations in the regional pattern of expression of the two neuronal constituents in the mutants offer molecular correlates of dendritic and axonal protein expression and their relationship to cerebellar degeneration, and could be pertinent to the neuropathological manifestations of certain forms of 
